Abstract. We report the results of numerical and experimental studies of two-phase flows in an annulus. The geometry corresponds to a cylindrical liquid column co-axially placed into an outer cylinder with solid walls. Gas enters into the annular duct and entrains the initially quiescent liquid. The internal column consists of solid rods at the bottom and top, while the central part is a liquid bridge from a viscous liquid and kept in its position by surface tension. Silicone oil 5cSt was used as a test liquid and air and nitrogen as gases. An original numerical approach was developed to study the problem in complex geometry. The flow structure in the liquid is analyzed for a wide range of gas flow rates.
Introduction
Heat/mass transfer on the moving gas-liquid interface is an important subject directly related to many industrial applications from crystal growth to cooling of electronic devices. In the present study, the attention is focused on flows in cylindrical geometry. There exists a large number of studies of two-phase flow through the circular pipe. Another well studied problem is two-phase flow in annuli when liquid films cover the internal rigid wall of a cylinder and a gas stream is moving along the channel. In the present study liquid occupies the central part of the channel and the interacting gas is moving in the duct between the liquid core and the rigid wall. Gas-flow interaction is important in the production of highest quality semi-conductors [1], fibers, microjets [2], etc.
The best quality semi-conductor crystals are grown by the floating zone technique. Studies on the mechanisms governing the flow dynamics and heat transfer are particularly helpful in controlling the crystal growth process and thereby the quality of its products. The scientific model, which is used to mimic the industrial floating zone technique, is called a liquid bridge. During the last decades, significant progress has been achieved in understanding the nonlinear regimes of buoyantthermocapillary convection in liquid bridges. However, only recently it was recognized a e-mail: ygaponen@ulb.ac.be
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The European Physical Journal Special Topics that the flow in the surrounding gas phase and heat/mass transfer at the interface are important factors for the stability of flow inside the liquid bridge. The experimental results were the first to indicate the extreme sensitivity of flow stability in liquid bridges to environmental conditions. Experiments performed in different configurations by Shevtsova et al. [3, 4] , Mialdun et al. [5] , Kamotani et al. [6, 7] and recently by Ueno et al. [8] , have demonstrated a similar tendency that ΔT cr changes by a factor of two or three by varying the air temperature relative to the cold wall temperature.
The number of publications considering the flow both, in the liquid bridge and in the surrounding gas, is still very limited, see [9, 10] . As a rule, the flow is considered inside the liquid, and the boundary conditions on the free interface capture the impact of surrounding gas through the Biot number, e.g. [11] . Note that experiments in Ref. [6] have shown that the disturbances of gas flow near the interface produce significant impact on the stability of the liquid flow.
The present study provides insight into the role of shear stresses on the liquid interface. The emphasis is on isothermal two-phase gas-liquid flow in cylindrical geometry without mass transfer in a configuration where liquid zone has limited length.
In the numerical part of the present work the gravity effect is not included so the channel orientation is not important. In addition, these results remain valid for flow in the micro-and large nano-channels with cross-sectional diameters of the order 300-500 nm with one-two order of magnitude reduction in the hydraulic diameter, see [12] .
Geometry of the problem
During the experiments, external gas is pumped into the cylindrical channel through a system of equally distributed nozzles to avoid azimuthal motion of gas around the rod (to avoid a kind of vortex tube). This provides a quasi-constant axial velocity at the inlet. The gas at a constant flow rate enters into the annular duct and entrains the initially quiescent liquid. Usually numerical studies consider only the flow inside the liquid zone. However, experimental set-ups include rods of different lengths and configurations. The main accent in this paper is on the numerical study with a geometry as close to the laboratory set-up is used as possible. The geometry of the problem and notations used throughout the paper are shown in Fig. 1(a) . Photo of the central part of the system, i.e. liquid bridge is shown in Fig. 1(b) , while the sketch of the overall experimental design is presented in Fig. 1(c) .
Let us look at the internal core of the system. The liquid bridge itself, Fig. 1(b) , is a drop of liquid kept by surface tension between two solid rods. Usually, the system is heated from above. The temperature of the lower rod is either kept constant or decreased to maintain the mean liquid temperature constant. The thermocapillary flow arises in the liquid for any non-zero temperature difference ΔT between the supporting rods. To prevent fluid from creeping over the edges of the rods, they have to be coated with an anti-wetting-barrier, which depends on the liquid and on the material of the rods. To avoid the anti-wetting coating or to reinforce the arrangement, the bottom rod is often processed into a sharp edge, e.g. see [4, 13] . In the experiments with large ΔT , while heating from above, the use of anti-wetting-barrier may be not sufficient for prevention of creeping. In this case, a groove is also made in the upper rod, see Fig. 1(a) . This type of geometry was used in the experiments by Kamotani [6] and in our laboratory. These internal parts are surrounded by a co-axial cylindrical tube of radius R out .
